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POLY (IMIDAZOPYRROLOKES): A NEW CLASS OF
RADIATION RESISTANT POLYMERS

Vernon L., Bell and George F, Pezdirtz

National Aeronautics and Space Administration
Langley Research Center
Spacecraft Materials Section
Langley Station, Hampton, Virginia

INTRODUCTION

The development of the polybenzimidazolesl and the polyimides2 repre=
sent a major advance in the recent research on high temperature nolymers,
humerous other novel polymers~ have followed which show comparable re-
sistance to heat, One of the primary reasons for the high level of stability
of the aromatic-heterocyclic polymers lies in the inherent stability of
their fused ring systems; however, potentially weak points in, their structures
are the single links along the chains. It has been proposed” that the pre=-
paration of ladder (two-strand) polymers would represent the next plateau
in thermally-stable organic polymers. Theoretical studies of the degradation
of ladder polymers” support this view,

In cases where chain scission is considered to be an equilibrium pro-
cess, then degradation of single chain polymers will occur with each break
in the main chain since the fragmented ends can separate permanently.
liowever, vhen a break occurs at any point along a ladder polymer, the second
strand keeps the entire polymer system intact and the close proximity of
the fragmented ends makes recombination probable. Furthermore, the statis-
tical likelihood that a second break will occur adjacent to the first is
quite small.
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It is apparent that if the single links of the polybenzimidazoles and
polyimides are reduced or eliminated by fusing the two structures together,
a much greater degree of thermal and radiative stability should result,




RESULTS AND DISCUSSION

Synthesis

Reactions in classical dye chemistry have resulted in the desired fused
ring system, as 11%ustrated by the reaction of phthalic anhydride with o-
phenylene diamine. By extending this reaction to dienhydrides and tetra=-
amines with two pairs of ortho-diamines, we have been able to prepare poly-
mers which we have called stepladder (partial ladder) and ladder poly-
imidazopyrrolones, or "Pyrrones",
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An exsmple of a stepladder polyimidazopyrrolone is shown by the reaction of
3,3',b,4'-benzophenone tetracarboxylic dianhydride (BTDA) with 3,3'-diamino-
benzidine (DAB). Since both of these monomers have single junctures in

their structures, the resulting polymer structure has only partial ladder
character; that is, short ladder segments separated by single bonds. On

the other hand, if dianhydrides, such as pyromellitic dianhydride (PMDA)

are reacted with tetraamines, such as 1, 2, 4, S-tetraaminobenzene (TAB), the
result is a polymer with a potentially complete ladder structure.

The versatility of this reaction scheme is apparent when one considers
the number of copolymers which could result by combining different anhydrides
and amines., This allows for variation of the number of the fused rings
starting with a minimum of four, and thus makes it possible to control the
polymer properties to a certain extent.

The general technique of polymerization involves the carefully con-
trolled reaction of a dianhydride with a tetraamine in highly-polar solvents
such as dimethylformamide, dimethylacetamide, and dimethylsulfoxide., The
room temperature reaction is extremely rapid and leads to a slight tempera-
ture rise, accompanied by an increase in viscosity. Adjustment of the vise
cosity to the desired level can be accomplished by the addition of small
incremental amounts of dianhydride. ' A proposed mechanism is illustrated
below by the reaction of pyromellitic dianhydride with 3,3',4,4'-tetra=-
aminodiphenyl ether, The initial reaction product is a predominately
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linear polyamide with unreacted amino and carboxyl groups. This stage is
referred to as the A-A-A prepolymer, which exists as a completely soluble
dope. When heated, this polymer undergoes two consecutive dehydration-
cyclization steps by either or both of two routes, through the polybenzimida=
zole or polyimide structures, and thence to the final form. Nomenclature
derived from Patterson's Ring Index' appears to be ample justification for
referring to these polymers as "Pyrrones,"

Most of the tetraamines can be used as free amines, lHowever, partic-
ularly unstable tetrasamines, e.g. 1,2,4,5-tetraaminobenzene are more
easily handled as the tetrahydrochloride salts, The use of the salt re-
quires an acid acceptor, such as pyridine, to take up hydrochloric acid;
otherwise the experimental procedure is the same.

“*Evidence for the proposed structures of the polymers has been deduced
from the infrared spectra of thin films, Figure la shows the spectra of a
film with e thickness of 0,15 mil which was prepared from pyromellitic
dianhydride and tetraaminodiphenyl ether (TADPO), at the A-A-A polymer
stage and at the thermally-converted imidazopyrrolone stage. The dis=-
appearance of secondary amide bands at 1650, 1540, and 1280 em™L is
apparent as well as those of carboxyl bands at 1720, 1605, and 1225 cm‘l.
The development of imide bands at 1765 and 720 em~! along with the appear-
ance of an imidazole band at 1620 cm™" further support the proposed
structure.

Figure 1b shows the similar evidence for the existence of the all-
ladder structure of the PMDA-tetraaminobenzene polymer.
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Figure 2 'shows the loss of amino (3355 and 3450 cm™1) and amide (3230
) nitrogen~hydrogen stretching bands, together with the disappearance

of carboxyl oxygen-hydrogen absorption (2800 cm=1) for the pyromellitic
dianhydride-tetraaminodiphenyl ether polymer,
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PROPERTIES

Some of the properties of the polyimjidazopyrrolones have been listed
in Table I.  While the final polymer-is insoluble and infusible, the ex=-
cellent solubility of the prepolymer makes it possible to use classical
solution techniques for characterization, The solution viscosities of 0,5~
1.5 and number average molecular weights of T,000~-20,000 are typical of
condensation polymers.

Table 1

Representative Properties of Poly(Imidazopyrrolones)

Solution Properties A-A-A Stape . Pyrrone Stage
Intrinsic Viscosity (25°, DMF) 0.5-1.5 dl/g. Insoluble
M, (Osmotic Pressure) 7,000-20,000 "
Solvents DMF, DMAC, NMP, "
DMSO s etc.

Film Properties

Tensile Strength 10-15 Kpsi 15-22 Kpsi
Elongation 25-35% . 3-74%

Young's Modulus 200-L00 Kpsi 600-1,000 Kpsi
Specific Resistivity (25°C) 6 x 109 ohm-cm 3-5 x 1012 chm-cm
Field Strength 2 x 10° v/cm 6 x 10° v/cm

The tractability of the A-A-A polymer affords a way to process the
polyimidazopyrrolones as thin films, coatings and resins for composite
structures, Films have been obtained by casting the A-A-A polymer dope
onto glass plates after which solvent was removed by heating in an oven at
125°C for one hour. The resulting yellow films, which were only lightly
converted at this stage, could be stripped from the glass plates, Further
cyclization occurred with additional heating. After one hour at 225°, the
films were generally blood red in color, while after three hours at 325°
the films were black by reflected light but a deep red by transmitted light.,
The films were clear, tough and moderately flexible at all stages of con-
version. The films have excellent tensile strengths while the low elonga=-
tion and unusuelly high modulus values are in keeping with their rigid
ladder structures, ’

Radiation Effects

Since polymers with a highly aromatic structure will in general withe-
stand ionizing radiation, it was expected that the imidazopyrrolone struc-
tures would show a high level of radiation resistance, On the basis of
preliminary results, the imidazopyrrolones appear to be one of the most
radiation~-resistant polymers to be developed to date. The data in Table II
was obtained on 1 mil films from a PMDA-TADPO polymer.

Table 1I

Radiation Effects on PMDA-TADPC Films

Dose Strength {Kpsi) Tangent Elongation
(Megarads) Yield Tensile Modulus (Kpsi) {%)
Control 9.2 17.9 730 ' 9

1,000 12,2 16.8 . 830 3

24990 1.3 20.2 20 3
181000 15. 17.3 50



The doses of one Mev electrons were applied at a rate of 1,000 megarads

per hour. Specimens were degassed for T2 hours at 50°C/10~7 torr and

sealed at 10T torr, After an initial effect of solvent expulsion and
additional cyclization or conversion, there is clearly no significant effect
on film properties even after a 10,000 megarad dose of 1 Mev electrons,

Thermal Stabilities

The high degree of radiation stability is undoubtedly due to extensive
delocalization which would also be expected to provide exceptional thermal
stability to the poly(imidazopyrrolones), From preliminary data, it is
believed that the polyimidazopyrrolones are tractable precursors to pyro-
lytic graphite materials, Figure 3 shows comparative thermogravimetric
analyses of & converted pyromellitic dianhydride=diaminobenzidene polymer
(PMDA-DAB) “and pyrolytic graphite, run in air, It is interesting to note
that the maximum rates of weight loss for both materisls are nearly identi=
cal,
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Figure LU shows comparative thermogravimetric analyses for two films prepared
from a pyromellitic dianhydride-tetraaminodiphenyl ether polymer, at two
levels of conversion and a related polyimide film, Apparently the gradual
loss of weight of the PMDA-TADPO film 1, which was at an intermediate stage
of condensation,results from further conversion as well as solvent loss.,
This low temperature weight loss is nearly eliminated in the plot of the
TGA performed on PMDA-TADPO film 2, which waa at an extremely high level of

converaion,
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The unusual thermal stability of the imidazopyrrolones is also be-
lieved to be reflected in the elemental analyses in which the carbon values
for the converted polymers are as much as T% lower than the theoretical
values, The identical analytical procedure gives carbon values 5% lower
than theory for pyrolytic graphite, which indicates the inadequacy of the
analytical method to degrade the thermally stable polymers, However,
nitrogen values are in good agreement with theoretical values, perhaps
because the Kjeldahl nitrogen analysis is a chemical analysis, independent
of the thermal behavior of the polymers.

The graduel loss of solvent from polymer films at temperatures up to
500°C appears to be one of the most interesting facets of the polyimidazo-
pyrrolone system, A number of experiments point to the existence of an
unusually stable complex between these polymers and the highly polar sol-
vents in which they are prepared. Such complexes have greviously been
isolated and studied for aromatic acids and anhydrides. We assume that
the same sort of complex can exist in polymers, especially for the very
polar A=A-A polymers, with a high concentration of amide, acid, and amine
functional groups. Figure 5 shows plots of power factor loss versus tem=-
perature for a PMDA-DAB polymer. This measurement has often been used to
measure the glass transition temperature of polymers. In the initial
curve 1 the two small peaks at 105-110°C and 330°C may be attributed to
loss of water of cyclization and expulsion of tightly=-coordinated or reacted
solvent, respectively., The results of thermal cycling of the polymer are



shown by curve 2, Figure 5. The apparent glass transition temperature
of 475°C is quite unusual and work is in progress to study this phenomenon,
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Many of the potential applications of the Pyrrones such as films, coatings,
and adhesives are being investigated., ~The A-A-A polymer solution wets
fiberglas very well, and filament winding applications are also being
studied., Thick glass fabric laminates with good strength have been pre-
pared with resin contents as low as 10%. The prepolymers have been molded
into filled and unfilled forms, using high pressures and moderate tempera-
tures. Preliminary indications are that a variety of unique electrical
applications may result, since the electrical properties vary at different
conversion stages,

EXPERIMENTAL

Monomers and Solvents

Pyromellitic dianhydride (PMDA) (Hexagon Laboratories, Inc. and Prince-
ton Chemical Research) was purified by sublimation at 225°/0.5 mm. 3,3',b,4'-
Benzophenone tetracarboxylic acid dianhydride (BTDA) (Gulf Chemical Corpora-
tiop) was sublimed at 240°/0.5 mm.

3,3'-Diaminobenzidine (DAB) (Koppers Chemical Co,) was purified by
recrystallization from water with charcoal treatment. 1,2,4,5-Tetraamino-
benzene tetrahydrochloride (TAB) (Burdick and Jackson Laboratories, Inc.).
vas purified by dissolving in the minimum amount of water, treating
with charcoal and reprecipitating with concentrated hydrochloric acid.
3,3",b4,b'-Tetraaminodiphenyl ether (TADPO) was prepared by a modification’
of an earlier procedure.

Solvents were purified by_distillation from phosphorus pentoxide and,
in certain cases, an additional distillation from pyromellitic dianhydride
was performed..

Solution Polycondensation

Poly(Oxy-TH, 15H-2, 10~bis-benzimidazo[l,2-a:1',2'-a'] benzo [1,2-c:
L, 5-c'] dipyrrol-T, l5-dione




The general procedure for polymerizing dianhydrides with tetraamines
as the free base can be illustrated by the preparation of the polymer .from
PMDA and TADPO. A solution of 4.20 g. (0.0192 mole) of PMDA in 40 ml. of
DMF was added at once to a stirred solution of 4,60 g. (0,020 mole) of
3,3',k,4'-tetraaminodiphenyl ether in 35 ml. of DMF in a Waring blendor.
The solution thickened slightly and become warm (35=40°) within 15-20
seconds. The stirring was continued for 5-10 minutes after which a portion
of a solution of 0.30 g. (0.0014 mole) of PMDA in 5 ml, of DMF was added
dropwise to the stirred polymer solution until the desired viscosity was
obtained.

A portion of this solution was added to acetone, and the precipitated
polymer was collected by filtration, washed well with acetone, and dried
under vacuum at room temperature, Calculated for (Cpoll 6Nh°7)n [poly=
(amide-acid-amine)]: ¢, 58.93; H, 3.60; N, 12.50; O, eﬁ.ge. Found:

C, 56.03; H, L,34; N, 12.54; 0, 25.15. After heating this polymer at L425°
for one hour, the analysis was as follows, Calculated for (ngﬂgNh03)n
[the poly(imidazopyrrolone)}: C, 70.21; H, 2.,14; N, 1k4,89; 0, 12.76.
Found: C, 63.29; H, 2,88; N, 14,77; 0, 16.6k, .

Poly(Imidazopyrrolone) from Pyromellitic Dianhydride and 1,2,4,5-
Tetraaminobenzene ’

Since 1,2,4,5-tetraaminobenzene is extremely susceptible to air oxidation,
polymers from this. tetraamine were prepared using the tetrahydrochloride
salt. A solution of 4,36 g. (0,020 mole) of PMDA in 4O ml. of DMF was
added slowly, in a dropwise fashion, to a stirred slurry of 5.68 g. (0.020
mole) of the hydrochloride salt in 35 ml., of DMF and 6.32 g. (0.080 mole)
of pyridine. The polymerization mixture was blanketed at all times with
nitrogen. The resulting viscous polymer solution was utilized as prepared
for coatings, films, etc,, or the polymer was precipitated by addition of
the solution to aqueous ethanol, and washed successively with aqueous
ethanol and ecetone to remove pyridine hydrochloride, after which it was
redissolved in DMF for further characterization.
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